Expression ofAgrobacterium tumefaciens virulence (vir) genes requires virA, virG, and a plant-derived inducing compound such as acetosyringone. To identify the critical functional domains of virA and virG, a mutational approach was used. Agrobacterium A136 harboring plasmid pGP159, which contains virA, virG, and a reporter virB: acZ gene fusion, was mutagenized with UV light or nitrosoguanidine. Survivors that formed blue colonies on a plate containing 5-bromo-4-chloro-3-indolyl fi-D-galactoside were isolated and analyzed. Quantification of 8-galactosidase activity in liquid assays identified nine mutant strains. By plasmid reconstruction and other procedures, all mutations mapped to the virA locus. These mutations caused an 11-to 560-fold increase in the vegetative level of virB: acZ reporter gene expression. DNA sequence analysis showed that the mutations are located in four regions of VirA: transmembrane domain one, the active site, a glycine-rich region with homology to ATP-binding sites, and a region at the C terminus that has homology to the N terminus of VirG.
The plant pathogen Agrobacterium tumefaciens is the causative agent of crown gall tumors. The bacteria can live either as a free-living soil organism or as an opportunistic colonist of crown gall tumors. The bacteria create a crown gall niche on susceptible plants by transforming the plant cells with genes that direct the biosynthesis of phytohormones, auxin and cytokinin, and that of derivatives of basic amino acids and sugars called opines. The imbalance of hormones produces a tumor in which the bacteria live and metabolize the opines as sources of carbon, nitrogen, and energy. The genes for synthesis of the plant hormones and opines are located on a piece of DNA, the T-DNA, that is transferred from the bacterium to the plant cell, where it becomes integrated into the nuclear genome (reviewed in refs. 1 and 2).
The vir genes of the bacteria mediate the processing and transfer of the T-DNA molecule from the bacterium to the plant. These genes are organized into eight operons, virA-H, that are controlled as a regulon (3) (4) (5) (6) (7) . When the bacteria are in the free-living vegetative state, only virA and virG are expressed. Upon encountering a susceptible plant, all of the vir genes, including virA and virG, are induced (8, 9) . This leads to the synthesis of proteins required for processing and transfer of the T-DNA to the plant cell.
Induction of the vir regulon requires VirA, VirG, and plant phenolic compounds such as acetosyringone (AS) (8, 10) . VirA and VirG are members of the family of prokaryotic two-component regulatory systems (11, 12) . In twocomponent regulatory systems, one component senses the environment and then signals the second component to carry out a function (reviewed in refs. 13 and 14) . VirA is thought to be the primary sensor of the plant phenolics (12) . It traverses the bacterial inner membrane (15, 16) and has autokinase (17, 18) and VirG phosphorylase activities (19) . It is hypothesized that interaction of the phenolics with VirA activates VirA's autokinase activity. This creates VirA-P, which can then transfer the phosphate moiety to VirG.
VirG-P is hypothesized to be the activated form of VirG. VirG is a sequence-specific DNA-binding protein (20, 21) and is thought to function as a transcriptional activator. The mechanism of transcriptional activation by VirG is not known. One homologue of VirG, NtrC, functions to catalyze the conversion of a closed to an open complex of RNA polymerase and promoter DNA (22) . Another VirG homologue, OmpR, has been hypothesized to activate transcription simply by stabilizing the formation of the RNA polymerase-promoter binary complex (23) .
In addition to the plant phenolic class of inducers, several other compounds and conditions enhance vir gene induction. Monosaccharides such as glucose and galactose enhance vir gene induction when the levels of phenolic vir inducer are low. This response is mediated through the galactose binding protein ChvE. It is thought that ChvE binds the monosaccharides and interacts with the periplasmic domain of VirA to make VirA more sensitive to the phenolic inducers (24) (25) (26) (27) . Opines also enhance vir gene induction, but the mechanism by which this occurs is unknown (28) . Optimum vir gene induction occurs at pH values below 5.7 (8) . This effect is probably mediated through an increase in the amount of VirG in the cell as well as through changes in VirA structure. Transcription of virG is induced by acidic conditions (29) ; therefore, under these conditions more VirG is expected to be present, leading to increased vir gene induction. In addition to VirG, VirA is also affected by pH. Melchers et al. (15) showed that deletion of the periplasmic domain of VirA leads to reduced pH dependence. This suggests that the external (periplasmic) pH brings about conformational changes in VirA that allow it to respond to phenolic inducers.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. Plasmids pGP159 (30) and pGP234 contain the virA and virG genes and a virB:lacZ reporter gene on the wide host range cloning vector pTJS75 (31) . Plasmid pGP234 was constructed by fusion of plasmids pGP220 and pGP228 at their unique EcoRI sites. Plasmid pGP220 was constructed by cloning a 1.2-kilobase Kpn I fragment containing virG into the unique Kpn I site of pAD1092K (30) . Plasmid pGP228 is a pUC119 (32) derivative that contains the pTiA6 Kpn 11 fragment, which carries virA.
To construct plasmid pGP336, pGP228 was digested with Pst I. After agarose gel electrophoresis, two fragments, 5 and 2.1 kilobases, were isolated by electroelution. These fragments contain pUC119 with the virA promoter and the coding Abbreviations: AS, acetosyringone; NG, nitrosoguanidine; P-gal, ,6-galactosidase; VirAcOn, constitutive virA mutants; T-DNA, transferred DNA.
6941
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Proc. Natl. Acad. Sci. USA 88 (1991) region for the C-terminal end of VirA, respectively. These fragments were ligated to construct pGP335; pGP335 was then fused to pGP220 to construct pGP336. This construct produces a protein identical to VirAA63/240 of Cangelosi et al. (25) and similar to that produced by pRAL7044 (pRAL7044 was constructed with virA from pTilS955) of Melchers et al. (15) . The NG31 mutation was added to VirAA63/240 by site-specific mutagenesis (33) of pGP335 followed by fusion with pGP220 and was designated pGP348.
Substitution mutations of virA were constructed by sitespecific mutagenesis of pGP228 and were identified by DNA sequence analysis (34) . The mutant pGP228 derivatives were later fused to pGP220 to construct pGP234 derivatives.
Agrobacterium strains used in this study were A136 (which lacks a Ti plasmid), its isogenic derivatives A348 (which carries the Ti plasmid pTiA6), A723 (which carries the Ti plasmid pTiB6806), and A1030 (which carries the Ti plasmid pTiB6806virA:: TnS).
Mutagenesis Examination of 100,000 survivors from UV light-induced mutagenesis yielded 1 blue colony, whereas =300 blue colonies were obtained from examination of 500,000 survivors from NG mutagenesis. The single blue colony from UV light-induced mutagenesis and 70 blue colonies from NG mutagenesis were assayed for 83-gal activity after growth in liquid culture lacking AS. The majority of these strains showed no elevation of (3-gal activity and were not pursued further. However, nine strains including the one from UV light-induced mutagenesis had elevated levels of P-gal activity.
To determine whether the mutations were plasmid borne, plasmid DNA was isolated from the mutant strains and was reintroduced into unmutagenized Agrobacterium. In all cases the mutation mapped on pGP159, indicating that the mutations were in virA, virG, or the virB promoter-regulatory region. To determine which of these genes was altered, the individual genes were subcloned, combined with unmutagenized components, and reintroduced into Agrobacterium. In all cases the mutation was localized within virA. The DNA sequence of each ofthese constitutive virA mutants (VirAcon) was determined to locate the site(s) of mutation. Each mutant, except NG10, had a single base change within the coding region of virA. NG10 had two base changes, but one of these was a silent change.
The locations of the mutations and the resultant amino acid substitutions are shown in Fig. 1 . Four strains (NG1, NG8, NG34, and NG37) had an identical base change, which led to a leucine to phenylalanine substitution at codon 24. This residue lies within the first putative transmembrane domain (residues Table 2 ). The mutants showed a 2-to 7-fold lower level of uninduced virB expression when a Ti plasmid was present in the host bacterium (-AS column,- Table 1 vs. Table 2 , experiment 1).
To determine whether virA on the Ti plasmid was responsible for the phenotypic suppression of the mutant phenotype, we introduced the NG9 mutation into A. tumefaciens A1030, a strain bearing a virA:: Tn5 insertion, and its isogenic parent A723. Results presented in Table 2 , experiment 2, show that the presence of the Ti plasmid in A723 caused phenotypic suppression of the NG9 mutation [a 5-fold decrease compared to that in the absence of a Ti plasmid (A136)]. This suppression was partially relieved by the disruption of the virA gene in A1030. These results indicate that the presence of a wild-type copy of virA can affect the phenotype of the VirAcwn mutants, but other factors on the Ti plasmid may also be involved.
VirA' Phenotype Is pH and Temperature Dependent. Induction of the vir genes is pH dependent (8) ; very little induction is usually observed if the pH of the growth medium exceeds 6.0. A possible explanation for this phenomenon is that lower pH is required for interaction of the vir-inducing To gain an understanding of the role of the NG1 mutation in the signaling process, we examined the phenotype of mutants with substitutions of different amino acids at the NG1 position. NG1 causes a leucine to phenylalanine substitution at residue 24 (Fig. 1) . The effects of different substitutions at position 24 on the signaling process are summarized in Fig. 2 . These mutations were introduced in the wild-type gene by site-specific mutagenesis according to Kunkel (33) . Alteration of leucine to phenylalanine is a re-creation of the NG1 mutation, and the mutant exhibits the VirAcon phenotype as observed earlier (Table 1) . A substitution of isoleucine or aspartic acid at residue 24 showed a marginal VirAcon phenotype (3-to 4-fold over wild type), whereas all other substitutions had no effect on the phenotype. Interestingly, mutation of this residue to tyrosine, a close homologue of phenylalanine, did not alter the phenotype from wild type. None of the substitutions abolished VirA activity. These substitutions included such residues as proline and the charged residues aspartic acid, lysine, arginine, and histidine.
Mutational Analysis of the Response Regulator Domain of VirA. The C-terminal end ofVirA is homologous to CheY and the N terminus of VirG (14) . The aspartic acid residue that is phosphorylated in VirG and CheY is conserved in this domain of VirA. To determine what effect mutation of this residue would have on vir gene induction, the aspartic acid residue at position 766 was replaced with asparagine (VirAD766N). This substitution causes a 2-fold increase in the basal level and a 5-fold decrease in the induced level of virB expression (Table 5 ). This indicates that intramolecular phosphotransfer is probably not required for vir gene induction but does not rule out other unknown pathways.
DISCUSSION
In this study we identified mutations in the virA structural gene that cause vir gene expression in the absence of virinducing compounds. Under noninducing conditions these mutant proteins function similarly to the wild-type protein in the presence of the inducer, indicating that they may exist in conformations that mimic the structure of VirA bound to the vir inducer. These mutations map in four regions of the protein: transmembrane domain one, the active site, a glycine-rich region homologous to nucleotide-binding sites, and a region homologous to CheY and the N terminus of VirG. VirA has two hydrophobic domains, which have been proposed to be membrane spanning (TM1 and TM2; Fig. 1 ). One VirAc`n mutant, NG1, mapped to a site within the TM1 region. Previous studies showed that this region could be replaced by an analogous but nonhomologous region of the E. coli Tar receptor (15) . Thus it was thought that this domain could not be playing a major role in the sensing ofthe phenolic compounds. Its role in the transmembrane signaling process is less clear. Genetic studies imply that in the Tar receptor this region (TM1) interacts with the second transmembrane domain and with a cytoplasmic domain. It has been proposed that these interactions are involved in the transmembrane signaling process (38) . It is possible that the TM1 domain of VirA also functions in a similar manner, which would indicate that in the Tar-VirA chimeric protein the Tar sequence is able to provide the transmembrane signaling.
Two amino acid substitutions near the active site histidine caused the VirAc`n phenotype. These mutations are likely to change the active site conformation to mimic the activated state. An additional mutation maps to a glycine-rich region C-terminal to the active site. This region is conserved in all histidine kinase members of the two-component regulatory systems. It bears homology to the glycine-rich sequence that make up nucleotide-binding sites of many protein kinases. If this site is a nucleotide-binding site, then it must be folded in close to the active site.
The final region in which a mutation was found was in a domain at the C terminus of VirA, which has homology to CheY and the N terminus of VirG. This domain is unusual in histidine kinases. FrzE, which also has this structure, is thought to have both histidine kinase and response regulator functions in the same polypeptide (39 The presence of a domain homologous to VirG and CheY in the C terminus of VirA is reminiscent of the "autoinhibitory" domains ofeukaryotic protein kinases (37) . It has been established that the low basal level of many of these kinases is due to inhibitory interactions between the active site and a domain elsewhere in the kinase that has homology to the Alternatively, other signals such as low pH, sugars, or opines could be causing the conformational change to enhance the activation of VirA and work synergistically with AS. The VirAcon mutants isolated in this study show codominance with VirA. It would be expected that if these mutants were simply receptors locked in the activated configuration, then they should be dominant to wild type. There are several possibilities to explain the suppression of phenotype when wild-type VirA is present. (i) There are a limited number of sites in the membrane that VirA can occupy. Since both wild type and VirAcon can compete for these sites, less VirAcon will be present in the membrane and the phenotype will be suppressed.
(ii) The presence of a Ti plasmid, on which the wild-type copy is located, is contributing a large number of VirG binding sites such that less activated VirG is available to induce expression of the reporter gene, leading to phenotypic suppression. (iii) VirA in the unactivated state can bind VirG and remove it from the pool making it unavailable for activation by VirAcon. (iv) VirA is multimeric and heteromultimers of VirA and VirAcon have wild-type or intermediate phenotypes, thus causing phenotypic suppression. Disruption of virA on the Ti plasmid by a Tn5 insertion partially relieves the phenotypic suppression, indicating that codominance is caused by both the presence of the protein and an additional factor(s) on the Ti plasmid.
These mutants should prove useful in further studies on the vir gene induction pathway, such as in determining the step at which noninducing chromosomal mutations are blocked. In addition, ifthe model that phosphorylation is the activating step is correct, then these mutants should have elevated rates of VirG phosphorylation. At present we have not been able to detect any alteration in phosphorylation using the cytoplasmic portion of VirA as the kinase (G.J.P., unpublished results). These mutants may also prove useful in the transformation of recalcitrant plant species because they do not need vir-inducing compounds and because they hyperinduce in the presence of AS.
Note Added in Proof. In a related study Hess et al. (41) report a detailed analysis of the interaction between VirA and AS.
